Abstract. In this work, we use a spherical shell with an attractive potential to simulate the C 60 and its effects on, He, Ne, Ar and Kr when each atom is in the center of the sphere. Within the Kohn-Sham model, two exchange-correlation functionals were used; the main difference between these two functionals is that one incorporates explicitly the self-interaction correction and the correct asymptotic behavior of the exchange-correlation potential, and the other one does not contain such corrections. We found that the considered atoms are softer inside of the cage than when they are free. By using several chemical reactivity predictors as the electrodonating and electroaccepting powers, defined by Professor Gázquez et al. (J. Phys. Chem. A 2007, 111, 1966, it is proved that the noble gases increase their chemical reactivity when they are immersed in the C 60 . Naturally, this conjecture must be confirmed by more realistic models, but at first glance this is a very interesting conclusion and opens a new possibility to obtain reactions with encaged inert gases. Keywords: Fullerene, Confined Atoms, DFT Chemical Predictors, Hardness and Softness.
Introduction
Recently, the study of confined systems has received attention of experimental and theoretical groups. Without doubt, the confinement exerted on quantum systems has given unexpected trends on chemical and physical properties of the matter. The confinement imposed by fullerenes or nanotubes is a hot topic nowadays since it opens possible technological applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . One way to study the electronic structure of systems encaged by fullerenes is by solving the Kohn-Sham [11] or Hartree-Fock [12] equations for the whole system; the fullerene (host) plus the corresponding enclosed guest. Naturally, this strategy is used to study the fullerene effects on quantum systems enclosed by these cages. However, sometimes one is interested only on the electronic structure of the guest when it is confined, and the host-guest model does not provide this information because the host electrons are also presented. Thus, several confinement models have been used to study the guest response when it is enclosed by a confinement [13] . Recently, a model for the C 60 has been reported in order to see the effects exerted by this system on the hydrogen atom giving interesting results [14] . A natural extension of that model is its application on many-electron atoms. Accordingly, we present in this study a detailed discussion on the chemical reactivity predictors of noble gases enclosed by the C 60 model.
Theoretical framework Modeling the C 60
From the study performed by Xu et al. for the C 60 modeling [15] , there are many reports where the cage imposed by the fullerene has been useful to describe the effects on confined atomic systems [13, [16] [17] [18] [19] [20] [21] [22] [23] . Such a model is based mainly on the following two assumptions: 1) The fullerene can be modeled by a spherical shell. 2) The spherical shell represents an attractive potential suggested by the experimental photoelectron spectroscopy. The first proposal to the C 60 model is based on a step potential, U S , which expression is [17] U r u a r b S ( )
In equation (1) , u 0 , a and b represent a constant potential, the radius of the inner sphere and the radius of the external sphere of the shell, respectively. With this simple model it is possible to gain insight about the effects induced by the C 60 on atomic systems, many of them are related with optical properties. Recently, Nascimento et al. [14] have published an alternative potential to simulate the C 60 , in this model the step 
In this equation r c represents the position where the gaussian function is centered, σ its width and u 0 has the same meaning than in equation (1) . Evidently, the application of this model on many-electrons atoms is a natural step. The main concern of this work is related to the chemical reactivity of atoms, noble gases in particular, when these systems are within the shell defined by equation (2) .
Chemical reactivity predictors
The concepts provided by the density functional theory have been used to rationalize the initial stages of chemical reactions [24] [25] [26] . Many of them are based on derivatives with respect to the number of electrons, as the electronegativity, χ, which is obtained from the chemical potential, µ, trough the equation [27] E N v ,
or the hardness, η [28] ,
In these equations the total energy is represented by E, the number of electrons by N and the external potential by u. From these predictors, the electrophilicity, ω, is obtained by the expression [29] 
By the nature of the electronic structure in atoms and molecules it is important the directionality on the derivatives evaluation with respect to the number of electrons [30] . Thus, the chemical potential must be evaluated as
where ± indicates if the system will gain (+) or lose (-) electrons. For neutral systems the hardness adopts the form [31] 
By applying the directionality concept, the professor Gázquez and coworkers defined the electrodonating and electroaccepting powers as [32] ( )
These definitions are important to elucidate the chemical behavior on systems involved in charge transfer processes. It is worth noting that the hardness used by the professor Gázquez was obtained by assuming that η = η + = η -with η given by equation (7), which is the same position assumed in this work. Evidently, we are just mentioning the necessary elements for our discussion; if the reader wants to know more details about the chemical predictors provided by the DFT, the reference [33] is quite recommendable due to it was published recently in this journal by the professor Gázquez.
Computational details
According to equation (8) to evaluate ω + and ω -, we can follow the following steps: a) Compute the energy derivatives with respect to the number of electrons, taking into account the directionality in order to obtain µ + and µ -. b) Compute the hardness for the neutral systems according to equation (7). c) Compute the electroaccepting and electrodonating powers by using equation (8) . For this study we have used fractional occupancy, it means, we have computed the total energy for the neutral system and 8 additional points, four to the right and four to the left with increments of 0.01 electrons. By using the Lagrange interpolating polynomial we estimated the derivative from the right side (+) with five points, and the same procedure was applied for the left side (-), all derivatives were evaluated on the neutral system. Thus, in this work we have performed 9 calculations for each atom. These steps were applied on He, Ne, Ar and Kr atoms when they are confined by the C 60 and when they are free. The exchange contribution was that reported by Dirac (D) [34] and the correlation contribution was that reported by Perdew and Wang (PW92) [35] . It is well known that many exchange-correlation functionals do not cancel correctly the self-interaction energy [36] , thus we applied a self-interaction correction (SIC) proposed by Perdew and Zunger [37] . Additionally, since the shell is not close to the nucleus it is important to apply a correction to the asymptotic behavior by using the optimized effective potential (OEP) [38, 39] in the context of the Krieger-Lee-Iafrate approximation [40, 41] . Details about this implementation can be found in references [42] [43] [44] . Thus, we report the results obtained with the DPW92 exchange-correlation functional and its correction DPW92-SIC-OEP, in this way we have performed 144 calculations for the four considered atoms with a modified version of the Herman-Skillman numerical code [45] , thus the basis set functions effects are not present.
Results and discussion
We are reporting in Table 1 the total energies obtained for the noble gases, free and encaged, by using the DPW92 and DPW92-SIC-OEP exchange-correlation functionals, for several charge values. With this table we want to stress the difference between the total energy obtained when the SIC-OEP is applied or when the atom is confined by the fullerene, or by both effects. Clearly, the SIC-OEP approximation gives lower total energies than when this approximation is not applied, which has been discussed elsewhere [42, 44] . Thus, our discussion will be centered on the DPW92-SIC-OEP exchange-correlation functional since it gives the lowest energies and it was designed to obtain the correct asymptotic behavior on the corresponding potential. The first important trend observed from Table 1 is related with the small changes obtained on the total energy when the noble gases are free and they try to bind additional electrons. This trend is connected with the small electronegativity values observed on these systems. However, this trend is reverted when the atoms are confined by the shell of attractive potential, which represents the fullerene.
In order to see the total energy changes as a function of the number of electrons, in Figure 1 these changes are plotted for the four atoms considered in this work. In these plots we used the neutral atom as a reference, for this reason the energy of this system is zero. One important characteristic observed in all plots is the straight line obtained when the number of electrons is changed, which corresponds to the expected behavior for atoms where a new shell is opening and when the correct asymptotic behavior of the exchange-correlation potential is applied, as that associated to the DPW92-SIC-OEP approach. By analyzing these plots we can conclude that the slope related with the electron accepting process is increased when the noble gases are confined by the fullerene. Contrary to this behavior, the free or confined atom gives a similar behavior to each other when the atom tries to give electrons. Consequently, the chemical potentials µ + will change since it represents the slope of the straight line when the considered atoms accept electrons. In Table 2 we are reporting the chemical potentials for the four atoms, when they are confined or free, and for the two exchange-correlation approximations. The value obtained for µ + is the first important result obtained when numerical derivatives are computed on free noble gases atoms since this quantity is close to zero, which corresponds to the expected behavior for these systems. Then, according to our procedure, the µ + predicts that the free noble gases will not accept additional electrons. This behavior is clearly changed when these atoms are inside of the C 60 because all of them increase in an important way this quantity. In conclusion, noble gases increase their chemical potential, to bind electrons, when they are encaged by the C 60 . It is important to note the positive values predicted by the DPW92 exchange-correlation functional for He and Kr. This incorrect result could be a consequence of the numerical derivative or by an intrinsic problem of the exchange-correlation functional, we think this last possibility is the responsible of such a behavior since it is corrected by the SIC-OEP approximation.
It is interesting the behavior observed for µ -, with regard to µ + , since whereas µ + goes up µ -goes down, in absolute value, for the encaged atom. Such a result is observed just when the SIC-OEP approach is applied. In fact, µ -is almost the same for the free or the confined atom when this correction is used. Thus, the potential imposed by the gaussian function acts just for atoms accepting additional electrons.
In the same table we are reporting in parenthesis the hardness, and it is observed another interesting trend; the hardness for noble gases is reduced with regard to the free system, in other words, the noble gases are softer within the fullerene than when they are free. Naturally, this result must be connected with the changes produced in the electron density. In Figure 2 , we are presenting the difference between the orbital densities obtained for free and enclosed atoms, ρ confined -ρ free . In particular, we are reporting the behavior exhibited by some of the orbital densities for the Kr atom. Clearly, the most affected orbitals are those belonging to the valence shell in a region close to the gaussian potential. Furthermore, in this region ρ confined > ρ free , suggesting that the polarizability will be increased, which must be confirmed in a future work. Finally, electrodonating and electroaccepting powers are reported in Table 3 . Clearly, the electroaccepting power is zero when these atoms are free, however when these atoms are encaged by the fullerene their response is completely different, even for the confined He atom this quantity is not zero. Naturally, the Kr atom is the system that presents the biggest response. At this point one question arises: are the values found for the chemical predictors, big or small? We have evaluated the same chemical reactivity predictors in the free Mg atom, with the DPW92-SIC-OEP method. For this system we found that µ + = -0.050, µ -= -0.175, η = 0.126 , ω + = 0.010 and ω -= 0.122, (all of them in atomic units). Comparing these numbers with those reported in Tables 2 and 3 , clearly Ne, Ar and Kr encaged by the C 60 show a bigger electrodonating power than the free Mg atom. From here, we are confident of say that the noble gases increase their chemical reactivity when they are encaged by the C 60 . We used as reference the Mg atom, such a decision is totally arbitrary although this atom sometimes is considered to be studied inside of fullerenes. Naturally, it is necessary for a study of the whole periodic table under a confinement similar to that considered in this work. Evidently, we are currently performing such a study in our laboratory.
Conclusions
By using a simple model for the C 60 , some global chemical reactivity predictors as the chemical potentials, hardness, electrodonating and electroaccepting powers were evaluated for He, Ne, Ar and Kr atoms. As important results found in this study, we can mention the reduction on the hardness, the increasing on µ + and on ω + when these atoms are confined by the fullerene compared with the free atoms. These results suggest an increment on the chemical reactivity of these systems; evidently, this prediction must be confirmed by more realistic models, where 
